‘“"&“_;

NASA TN D-919

AL
VA

NASA TN D-919

TECHNICAL NOTE
D-919

WIND-TUNNEL INVESTIGATION OF A BALLOON AS A TOWED
DECELERATOR AT MACH NUMBERS FROM 1.47 TO 2.50
By John T. McShera and J. Wayne Keyes

Langley Research Center
Langley Field, Va,

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON August 1961







1K

- A A

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-919

WIND-TUNNEL INVESTIGATION OF A BALLOON AS A TOWED
DECELERATOR AT MACH NUMBERS FROM 1.47 TO 2.50

By John T. McShera and J. Wayne Keyes
SUMMARY

A wind-tunnel investigation has been conducted to study the charac-
teristics of a towed spherical balloon as a drag device at Mach numbers
from 1.47 to 2.50, Reynolds numbers from 0.36 X 100 to 1.0 x 106, and
angles of attack from -15° to 15°. Towed spherical balloons were found
to be stable at supersonic speeds. The drag coefficient of the balloon
is reduced by the presence of a tow cable and a further reduction occurs
with the addition of a payload. The balloon inflation pressure required
to maintain an almost spherical shape is about equal to the free-stream
dynamic pressure. Measured pressure and temperature distribution around
the balloon alone were in fair agreement with predicted values. There
was a pronounced decrease in the pressure coefficients on the balloon
when attached to a tow cable behind a payload.

INTRODUCTION

Along with the current development of high-strength-fabric materials
capable of withstanding high temperatures, there has been an increased
interest in the use of drogue parachutes and balloon-type devices which
may be deployed in recovery systems as decelerators and stabilizers under
high-speed conditions. Flexible porous parachutes have a limited range
of stable operation at supersonic speeds, as illustrated in reference 1.
Stability can also be obtained at high porosities; however, the drag
decreases rapidly with increasing porosity. Spherical balloons, however,
are stable at supersonic speeds and have a relatively high drag coef-
ficient depending upon the flow field surrounding the balloon. (See
ref. 1.)

Small spheres (without payloads) have been investigated from sub-
sonic to high supersonic velocities (refs. 2 and 3); however, the flow
field surrounding a sphere towed behind a payload at supersonic speeds
will undoubtedly be different from that about an independent sphere at
the same velocity. An investigation has therefore been conducted in the
Langley Unitary Plan wind tunnel to study the drag characteristics of a



spherical balloon (under simulated towed concitions) at Mach numbers
from 1.47 to 2.50. In addition to drag measurements of the balloon and
payload combination, pressure and temperature distributions around the
balloon were measured and compared with predicted values. The results
include some effects of Reynolds number, angle of attack, balloon
inflation-pressure, tow-cable length, payloac shape, and Mach number.

A few tests were conducted to study the stabllity of a balloon under
towed conditions.

SYMBOLS

. Fp
drag coefficient, ==
aS

pressure drag coefficient (defined in eq. 2)

pz'p
pressure coefficient, —m —

Peo " P
diameter of model, ft

force along X-stability axis, 1b

tow-cable length, in.
Mach number

Prandtl number
pressure, lb/sq ft

dynamic pressure, O.?pmMg, 1b/sq ft

p U d
Reynolds number, = >

o0
frontal area, sq ft

included angle between the separation point and the stagnation
point
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T temperature, OR

U velocity, ft/sec

a angle of attack, deg

n recovery factor (defined in eq. 3)

5] angular position of thermocouples and pressure orifices
(See fig. 2)

K viscosity, lb-sec/ft2

p mass density, lb—sec2/ftu

Subscripts:

e equilibrium conditions

1 local conditions outside of boundary layer

2 conditions behind normal shock

t total

0 free-stream conditions

o} stagnation point

nom nominal

APPARATUS

Wind Tunnel

The tests were conducted in the low Mach number test section of the
Langley Unitary Plan wind tunnel. The tunnel is a variable-pressure
return-flow type. The test section is 4 feet square and approximately
7 feet long. The nozzle leading to the test section is of the asym-
metric sliding block type, and Mach numbers may be varied through a
range from approximately 1.47 to 2.80 without tunnel shutdown. Further
description of the tunnel may be found in reference L,



Models and Instrumentation

Three balloon models 8 inches in diameter were constructed for the
investigation. The first was a rigid model constructed of a spherical-
shaped metal shell covered with a rubber-impregnated fabric having an
average roughness of 125 microinches. This mcdel was mounted on a six-
component strain-gage balance supported on a :ting from the downstream
side of the balloon as shown in figure 1. The installation of a simulated
tow cable 1s also shown in figure 1. This tow cable was simulated either
by a rough steel rod with a nominal diameter of 0.25 inch or by telescoping
tubes with a maximum diameter of 0.75 inch which could be remotely actuated
to simulate three different lengths of tow calkle. Various types of pay-
loads could be attached to the upstream end of' the telescoping tube
(called an actuator). Since unpublished data have shown that a burble
fence is necessary to stabilize a spherical bslloon at subsonic speeds,
the model was provided with a metal ring havirg a cross-sectional diam-
eter of 0.25 inch and located 105° from the stagnation point as shown in
figure 1. The rigid model balloon was equipped with pressure orifices
and thermocouples in both the vertical and horizontal planes as shown
in figure 2. Detalls of the 30 gage iron-constantan thermocouples and
pressure-orifice installations are shown also in figure 2. Figure 3
shows details of the various payloads which were attached to the upstream
end of the simulated tow cable, and figure 4 chows photographs of the
various model configurations.

The second balloon model, also sting mour ted, was flexible and its
internal pressure could be controlled., Excessive deformation of the
fabric surface, when subjected to supersonic flow, was prevented by
eight cables imbedded in the fabric surface. Pressure orifices were
located at the same locations as on the first model. Photographs of this
model at a Mach number of 1.5 with different internal pressures are shown
in figures 4(g) and 4(h).

The third balloon model was an inflatable type attached to a flex-
ible steel tow cable of l/l6—inch diameter. £ photograph of this third
model is shown in figure 4(i). The upstream end of the flexible tow
cable was attached to the base of the asymmetric body as illustrated in
figures 4(j) and 4(k).

A fourth model illustrated in figure 4(k) and in figure 5 was con-
structed of clear plastic with a diameter of €.75 inches. The balloon
was attached to a flexible tow cable. In order to prevent the balloon
from striking the tunnel walls when the starting shock wave passed
through the test section, a trailing cable was attached to the downstream
side of the balloon. After supersonic flow wes established in the test
section, the trailing cable remained slack. C(nly high-speed schlieren
motion pictures were made during tests of this model.

+ OO



=™

Pressure orifices on the first and second models were connected to
valves that sequentially sample 48 pressures on a single electrical
transducer. The transducer output is recorded on digitized self-
balancing potentiometers. The stagnation temperature was determined
from probes located in the vicinity of the base of the balloon and out-
board from the balloon wake. The temperatures were recorded on self-
balancing potentiometers.

TESTS

The various configurations of the four models investigated are
listed in table I and the test conditions are listed in teble II. The
two sting-supported models were tested through an angle-of-attack range
of +15°. The Reynolds numbers listed in table II are based on a balloon
diameter of 8 inches. The dewpoint temperature for all tests was main-
tained below -3%30° F to prevent adverse condensation effects. The stag-
nation temperature was maintained at 125° F for all Mach numbers except
2.50, where it was 150° F. In the tests of the sting-supported inflat-
able balloon model the internal pressure of the balloon was varied to
determine the differential pressure necessary to maintain an almost
spherical shape.

MEASUREMENTS AND ACCURACY

The maximum deviation of the local Mach number in the portion of
the tunnel occupied by the model was *0.015 from the average values listed
in table II. The angles of attack are corrected for deflection of the
sting and balance under load. The angles of attack are also corrected
for flow angularity and are estimated to be within $0.1° of the indicated
values.

The accuracy of the drag coefficients, based on balance calibra-
tion and repeatability of data is estimated to be within *0.02. The
accuracy of the values of temperatures based on the calibrated accuracy
of the self-balancing potentiometer recorders used is *0.5°. The accu-
racy of the pressure coefficients based on the calibrated accuracy of
the measuring device used is a maximum of *0.033. Separation-point
measurement is estimated to be accurate within *1°,

The data at M = 1.50, o = 0° for the rigid balloon with a
24-inch tow cable and various payloads are influenced by shock reflections
on and close to the balloon; the difference noted in drag coefficient
values, however, is within the experimental accuracy.



RESULTS AND DISCUSSZION

The results of an investigation of a balloon as a towed decelerator
at Mach numbers from 1.47 to 2.50 are shown :n figures 6 to 19. A
motion-picture film supplement showing the towed balloons has also been
prepared and is avallable on loan. A requesi card form and a descrip-
tion of the film will be found at the back oif this paper on the page
immediately preceding the abstract page.

STABILITY

The motion picture of the inflated balloon indicated that the random
osclllation had an amplitude less than 1/8 the diameter of the balloon
(2k-inch tow cable) although the balloon was not fully inflated. The tow
cable failed and no data were obtained for the fully inflated condition.

Schlieren motion pictures of the rigid iowed balloon with a 24k-inch
tow cable showed oscillations of a very low i'requency and a maximum total
amplitude of two-thirds of the diameter of the balloon. In comparison
with parachutes tested under the same condit:.ons, both the inflated and
the rigid plastic balloons were very stable at the supersonic speeds
investigated, although flow separation and the resultant shock pattern
varied with time at a given Mach number. There was a rapid movement of
the separation point back and forth along the tow cable and this move-
ment indicated the influence of the interact:on between the balloon bow
shock and the boundary layer on the tow cable. These fluctuations in
the shock pattern may be seen in the motion-picture film supplement.
Typical schlieren photographs of the sting-supported model balloons are
shown in figure 6.

Drag Characteristics

Figure T shows the effect of Reynolds number on the drag character-
istics of a clean rigid balloon. As can be :een, Reynolds number had
little effect on the drag except at Mach numhers of 1.47 and 1.5. The
Reynolds number range covered was small and -he changes in drag coeffi-
cient due to Reynolds number effects were wi:hin the accuracy of the
results. Based on data obtained in references 2 and 3, it appears that
the tests were conducted above the critical leynolds number range. At
a critical Reynolds number there 1s generall;r a reduction in drag
resulting from a rapld rearward movement of —he separation point. How-
ever, in the Reynolds number range of the tests (0.36 x 106 to 1.0 x 106)
this reduction in drag did not occur. There is a correlation between
the changes in the location of the separation point and changes in drag.
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Figure 8 shows the effect of the addition of a fence on the separa-
tion point on a balloon. Once a fence is added to the balloon, the
separation point remains fixed on the model with increases in Mach number.

Figure 9 shows the effect of the fence on the drag characteristics
of the balloon. The drag increased rapidly on the clean rigid balloon
at the low Mach numbers as the separation-point location moved aft to 90°,
After the separation point passed 90°, “the drag decreased with increasing
Mach numbers. The addition of the fence at 105° held the separation
point constant, the drag was thereby held constant with increasing Mach
number.

The effect of a simulated tow cable is shown in figure 10. In
general, there is a considerable reduction in drag once a tow cable 1s
attached to the rigid balloon. The increase in the ratio of the length
of tow cable to the diameter of the balloon Z/d from 1 to 3 resulted
in little difference in drag, as the difference shown in figure 10 is
within the experimental accuracy. Schlieren photographs indicated that
for an increase in l/d from 1 to 3, the separation point on the tow
cable stays fixed at about one balloon diameter upstream. The separated
flow over the 8-inch tow cable shows little or no evidence of unsteadiness.
However, the 2L4-inch tow cable has some evidence of unsteady flow at
M = 2.5, although the extent of the separated region remains unchanged.
From a drag consideration in the Reynolds number range tested either a
one- or three-balloon-diameter tow cable is satisfactory.

Unpublished data indicate that the fence is needed for stability at
subsonic speeds. Figure 11 shows the fence has little effect upon holding
the drag constant once a tow cable is attached to the rigid balloon. The
drag increment gained by the use of a fence is nullified and the resultant
drag is decreased; that is, at M = 2.0 the drag is approximately one-
third of that of the clean balloon. A typical curve for drag coefficient
plotted against angle of attack for various Mach numbers is shown in
figure 12 for the rigid balloon with an 8-inch tow cable and a fence.

The change in drag with angle of attack is indicative of the effect of
the asymmetry of the flow due to the tow cable and fence; a similar con-
dition would be expected to occur during the oscillations of a towed
balloon.

Figure 13 compares C for the balloon with various payloads at
D

different l/d ratios. Except for the asymmetric body, all payloads

at a given Z/d have approximately the same drag values. There is a
definite increase in drag for the symmetrical body configurations when

1/d is increased from 1.25 to 3.00. Except for the asymmetric body, it
appears that an optimum tow-cable length has not been reached even at

an l/d of 3. The drag coefficient is still increasing and the stability
was unaffected. The asymmetric body, however, acts differently. At zero
tow-cable length (payload attached to the balloon) there was a much lower



drag than for an Z/d of 1.25. With an increase in Z/d from 1.25 to 3,
the drag decreased slightly. The asymmetric body at an l/d of 1.25 had

a Cp approximately l% to lE times the value for symmetrical bodies at

the same Z/d.

The inflation pressure required to maintain an almost spherical
shape of the balloon at supersonic speeds will vary with the balloon's
construction and with the free-stream dynamic pressure. Visual observa-
tion of the balloon indicated that the inflation pressure required to
maintain an almost spherical shape was about equal tc the free-stream
dynamic pressure.

Pressure Distributicn

In figures 14 and 15, the pressure distribution predicted by modified
Newtonian theory 1s shown for comparison witt the measured pressure dis-
tribution on the balloon. The predicted pressure distribution is deter-
mined from the egqguation

Cp = Cp,max cos< (1)

The predicted curves are in fair agreement with the experimental curves
for the balloon. The deviation between predicted and measured values
increases with increasing Mach numbers. This difference between the
agreement of these curves with those in references 5 to 7 cannot be
explained by the low Mach numbers or Reynolds numbers. Pressure distri-
butions on other configurations are included in both figures 14 and 15

to show the reduction in pressure coefficient on the front part of the
balloon when a tow cable and payload are attsched. There was an increase
in the pressure coefficients on the front part of the rigid balloon with
increasing tow-cable length as the separatior point moved from the tip

of the tow cable to some point downstream of the tip. This same trend
was observed in reference 8. The addition of the actuator and a given
payload resulted in the same trend for incressing actuator lengths except
for the asymmetric body.

There was a definite change in pressure between 8 = 90o and
& = 110° when the fence was added to the balloon. In figure 15(a), the
change in the pressure distribution on the inflated balloon with a sym-
metrical body and an internal pressure of 27C pounds per square foot can
be explained by the change in shape of the mciel, which was pear-shaped
instead of spherical. In most cases the local pressures are constant
with Increasing distance around the balloon in the separated region. No
attempt has been made to compare the pressures measured in the vertical
and horizontal planes at an angle of attack. However, the pressures
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measured in the horizontal planes are in good agreement for a given
positive and negative angle and for a given configuration as shown in
figure 16.

Pressure drag coefficients were obtained by integrating the pres-
sure distribution around the clean rigid balloon at an angle of attack
of 0°:

n
C = C, sin 26 d8 2
Dp A p Sin (2)

Estimates of the skin drag indicated this drag to be small. Therefore,
it would be expected that the integrated pressure drag coefficients for
the clean rigid balloon should be a good approximation of the total drag.
A comparison of integrated and measured coefficients shows this to be true
as indicated in the following table:

M Cp ‘p,
1.50 0.83 0.8%4
2.00 .95 .95
2.50 .79 .76

Temperature Distribution

The curves as determined from laminar and turbulent flow theory
shown in figure 17 are computed from the expression,

T T T
e 1 1
To ”(l - To> M To (3)

where the recovery factor =n = JﬁPr for the laminar-flow theory and
n = ‘Q/Npr for the turbulent flow theory. Due to the roughness of the

model, the flow would be expected to be completely turbulent over the
model. The Prandtl number is assumed constant at NPr = 0.73 for small

temperature and pressure differences. The ratio of equilibrium to stag-
nation temperature at 6 = 0° on the clean rigid balloon at zero angle
of attack should be unity. The lower values of temperature ratio near
8 = 0° shown in figure 17 could be caused by an instrumentation error.
Platinum strips were added to the thermocouple junction to minimize the
heat loss from the junction to the thermocouple wires. However a recent
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unpublished theoretical method for predicting the loss in heating rate
due to the ratio of wire size to skin thickness indicates the platinum
strips were not adequate to compensate for the heat sink of the wires.

T
Therefore, if the curves Te/Tb were shifted to comply with a EQ =1

o)
at the stagnation point, then the slope of the measured curve would agree

with the slope of the theoretical curve for turbulent flow.

There was a definite decrease in the equilibrium temperatures on
the front of the rigid balloon when a tow cable and payload were attached
as shown in figures 18 and 19. There is no aypreciable change in the
temperatures with a change in tow-cable lengtk. In general, the tem-
perature distributions in the horizontal plane at a positive and negative
angle of attack are in good agreement for a given configuration. This
agreement does not hold true for case of the rigid balloon and asymmetric
body shown in figure 19(e) because of the unsymmetrical shock formation
ahead of the model. The temperatures, like th= pressures, remain nearly
constant in the separated region.

CONCLUSIONS

The results of a wind-tunnel investigation of a balloon as a towed
decelerator at Mach numbers from 1.47 to 2.50 lead to the following
conclusions:

1. In comparison with other drogue devices, both the inflated and
the rigid plastic balloons were very stable at the supersonic speeds
investigated.

2. The addition of a fence on a clean rigid balloon fixes the separa-
tion point over the Mach number range of 1.50 o 2.50 and the drag
remained constant with increases in Mach number. The effect of the fence
was nullified when a tow cable and payload wer: added to the clean rigid
balloon.

3. The drag coefficient of the balloon is reduced by the presence
of a tow cable and further reduced by the addi-ion of a payload.

L. The drag coefficient increases with increasing tow-cable length
for the symmetrical payloads.

5. The balloon inflation pressure requirec to maintain an almost
spherical shape is about equal to the free-stream dynamic pressure.

= o
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6. Measured pressure and temperature distributions around the bal-
loon alone were in fair agreement with predicted values. There was a
pronounced decrease in pressure coefficients and temperature ratios on

the balloon when attached to a tow cable behind a payload.

7. The integrated pressure drag coefficients for the clean rigid
balloon were good approximations of the total drag.

8. In the separated flow region, the equilibrium temperatures and
the local pressures were essentially constant with increasing distance

around the balloon.

Langley Research Center,
National Aeronautics and Space Administration,

Langley Field, Va., May 2, 1961.
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TABLE II.- TEST CONDITIONS OF SPHERICAL BALIOON MODELS

Py, oo 1b/sq ft q, lb/sc ft R
1.47 429.6 184.8 0.55 x 100
1.h47 625.6 269.3 .80
1.47 783.0 3%6.9 1.00
1.50 420.6 184.8 .55
1.50 521.0 223.7 .66
1.50 629.3 270.0 .80
1.50 785.9 337,2 1.00
1.54 L4z5,7 185.9 .55
1.54 634.5 270.8 .80
1.54 792.8 338.2 1.00
1.57 L6, 1 189.3 .55
1.57 639.1 271.2 .80
1.57 8o02.7 340.6 1.00
1.70 461.0 189.0 .55
1.70 669.0 274.0 .80
1.70 810.0 331.8 1.00
1.90 498.0 188.0 .55
1.90 720.0 271.4 .80
1.90 899.0 338.9 1.00
2.00 506.0 180.9 .55
2.16 799.0 259.6 .80
2.16 1,002.0 325.9 1.00
2.50 435,0 111.1 .36
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(a) Clean rigid balloon. 1-59-4838

(b) Rigid balloon with fence, actuator, and disk. L-59-4845

Figure 4.- Typical model photogrephs.

7881
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(¢) Rigid balloon with 2L-inch actuator and ball.

(a) Rigid balloon with 2hk-inch actuator and symmetric body.

(f) Rigid balloon with 10-inch actuator and asymmetric body.

Figure k4.- Continued. L-61-2160
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2l

(J) Payload used with towed inflatable balloon model and towed rigid
plastic model.

(k) Towed rigid plastic balloon model.

Figure 4.- Concluded. L-61-2162
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M= 2.50

(a) Clean rigid balloon. oypgm = O°. L-61-2163

Figure 6.- Typical schlieren photographs.
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(v) Rigid balloon with fence.

Figure 6.- Continued.

L-61-2164
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Symmetric body

M= 2.00
(h) Continued.

Figure 6.- Continued.

Disk

Asymmetric body

L-61-2169
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Symmetric body

M = 2.50

(h) Concluded.

Figure 6.- Continued.

Disk

Asymmetric body

L-61-2170

ng9-T
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M = 2.50

Inflated balloon with fence.

Figure 6.- Concluded.

Onom = 0°.

L-61-2171
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Onom>» deg

1-88L

4 1.6 1.8 2.0 2.2 2.4 2.6
M

(a) 8-inch tow cable.

Unom: deg

4 1.6 1.8 2.0 2.2 2.4 2.6

(b) 24-inch tow cable.

Figure 10.- Effect of simulated tow-cable length on the drag character-
istics of a rigid balloon without fence.
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deg

Unhom?

Ho

4 1.6 1.8 2.0 2.2 2.4 2.6
M

(a) 8-inch tow cable.

Unom, deg

(b) 2k-inch tow catle.

Figure 11.- Effect of simulated tow-cable length on the drag character-
istics of a rigid balloon with fence.
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Figure 12.- Variation of the drag characteristics with angle of attack for the ri

fence and 8-inch tow cable.
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Actuator length, ir.| 1/d

o} 0 0
o 10 1.25
o 24 3.00
Flagged symbol denotes 1.2
shock reflections i
.8
Cp
.4
: 0
.8}
00.4
oF
.8
10
[e]
Cp .4
Asymmetric bodyl-ii|- g
A

1.4 1.6 1.8 2.0 2. 2.4 2.6

Figure 13.- Effect of payloads with varying actuator lengths on the drag
characteristics of the rigid balloon with fence. angn = 0°.
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M = 2.50.

881



L-884

b i
T i -t i
s f ; —--—u-<>\“
j g R NSRS
Lok - P2 - ; : !
v s g
! ¥zl L o by ] .
. v j .
5 0 ] i ‘ ;
= oo 8
o 0 7 N
i ; -4 N i
&H00 b
v - ¥ | - i
; | ;
.2 } =
TN K :
. i (/ : = |
S j
Cp - 4 ; Snoms 48Q foiefo
p . T 1= , , : S " :
: TS - TS e -y
.8 i i a 10 +
— i i
+ r T -
| EEE RN .
1.0 + ‘
; I i ;
B ; -
e L1 i .
1.2
= )/ i : Ho
1.4 H
b B Mol
1.6 ! : . BN
1.8 il 4 IO T O N D TSR OV WO S o I I
/ T R Vertical || - I S o
T IRE [0 DM IR I . N IO [ [ D i
26 50 5T

i B5E6T 76 BT 86 TUTI00  TI6 T20 130 C 140 TS0 1667 170
a8, deag

AT CTITTITTRL R S T [i
SRaN - - = AR D RO DRI D S

i -
-2 + '
HE IR 0 O B O A R oo o i .
et i BN S TS S S -
i i | i 7 25 . | .
H

o o ! T T
i T , ) N i
: . il g i :
i I Sal o i F ;

o o + =

Ce 7

I~
e
NI
I

deg

LY » / 7 L . 1 N "

. / ‘
g 1 : : T e B T
i : ST v "o o TN
4 + & 10 P+
LY H H P i
: b T ] 1 j o il 1
oy N H ! ‘ T i
1.2 :
AR A N R R R R R R R RE R SO NSNS R RS AR RS NS NN B
: [ ; ; e . . T [ .
1.4 - - ek i I -
B RN AR Sl A R R R RN AR SauiEeal ‘
1. 20 30 40 50 [ 70 80 80 100 110 120 130 140 150 160 170

0, deg

(4) Rigid balloon with fence and with 8-inch tow cable. M = 2.00.

Figure 16.- Continued.



58

-4
y ! 1 T I !
T ] ' IR
i i " : H . H S
; T AT i
....... s ; .
L Y. \ﬂ)/ I i
; . P i i
. P el ] sl ““T’V | Lt
: i i
i h T
[ P i T
\ ) ‘, L . H
\ TR | §
. dEans
Nt AR P
d 7
11
1 L r 74 R I 1
o ‘ , ‘ 4 TR : i :
] ] . ‘ manE |
Onom. deg
18! 0 -10
f » o 0
10
o Fd v 15
iy ‘ ‘
1.0 > I
-7 i
4 i
b 6
1.4 :
e I PR SR o o KRR TURE S Vertical . : : - N -
e LT T T T
T 20 30 40 S0 60 70 80 90 100 113 120 130 140 150 116G 170
8, deg
-4
1 T 7 T T
| : ‘ ST ] 1 ‘]} s
.2 ‘ - = ‘ s _
(O] /J :
,n./ W i
2
>0 ) S e 3 e :
- D
L :
0 i \\'\" vl /"( Tl :
N ¢ s T 1
: N T
. O i ol
J L / 1/ L
[ }/
4 /. y
1 4 .
; / A sHER . : | T “nom: de@ |
| i
. - 7 i + | -10
i " ! s 0
\ LA ; . 1o
W7 i T
o i ‘1‘].
3 ratA- L : : :
V4 T
1.2 £ / i

D A Lo - re Hor izontal ; ;
PN T I OO T o
1.6 I i 1 i f P N

8, deg

(e) Rigid balloon with fence and with 8-inch tow cable.

Figure 16.- Continued.

o 10 20 30 40 507 60 70 80 907 100 I 0 130 140 150 1

M = 2.50.

881



L-88L

-]
N
-
&

P LR NS Yertical

i

1.8 0 R 36 A6 86 80 70 B0 80 100 110 120 130 140 150 160 ;70
8, deg

s L0 R N T I 9noms 900

//ﬁ i SR i : S . .15

0

..... 7 A O I O : N u -10

e . ] O 0 .

1.2 } [ S
o i ey -1 " Harizental -

o 1¢ 20 30 40 50 60 70 80 90 100 110 120

9, deg

(f) Rigid balloon without fence and with 24-inch tow cable. M = 1.50.

Figure 16.- Continued.



60

A T T
TR Ry Y T CETT T T T
TTTETT T ! B ER SR L iertet 1
- » i v
; ; [ o
w +
, againgss JEARIRRRSINE ]
g Ras L B + T t
] - +
LA A A : -
- LA / s et
| & ;}f}/ H [ 7 . i ‘ -
A " |9 i
a N LA A Pa i At
A et p i :
1 i i | &, 1% RN it ] ;
v o : ; ; A 4 A N T . ;
- +
. <[ yLies 1 7
! - 4 i et .
co ] I ol IS SO S S
K
1w 7 dnom, deg ! [
: =
R ; Vé 12 - o -15
B 1 IR D0V °250 DN D i S B S R R ) ~10
. i /'( BRI 5 Y PR
o 10 f
-8} —H 1s
T i
T T, i ‘
1.2 - SRE 2B -
BHARY &t ESR :
- . fi C g }
1.4
. . .l ] -
T ,,
1.6
Vi 1 Vertical i
T ST T IS S R
1 1] [ Sii] |
B¢ 160 20 T30 40 507 €0 70 80 80 100 ilo 120 ~ 130 140 150 160 170
8, deg
i T T T EEi | T T
i i 7 L1l L Wl i 1 I
! ! - - sy
P :
a ; Pa
A [T ik
00 “ ¢ +
bt / 1 -+ .
; b
- Bap 2k aRz el LT et -
S L4
i 1 "
o0 ™ T / Y, H H I
- foerd
[y 57/ -;/»V}/ P i . by
s 9 / A
f . /, L4 7
et
v e z v TS ‘ - :

Lo ISR AN I I DS IO A I S
" ; 7 iH
a - gty 7 RN Gnom, 88g
iR 7 i T s s T
ST VT T T e -
¥ < 0

A 10

TN B R
I B o e BRI DI

, F 17 !
H . . . i
1.2 /
D% RIEEM BEi

. i N ST . ja
1.4 S bl T

: T T Wor izontal NE R R

. TTTITEIT DD b
.65 102036 46 70 807 90 100 110 126 130 140 150 166 170

0, dag

(g) Rigid balloon without fence and with 24-irch tow cable. M =2.00.

Figure 16.- Continued.

1881



1-88k4

61

-4
T ; ; . i
: : ; . e ] -
bodoide ] | [ S I . PR R
—
" R Y - D
i g 0 i -
b i i /’,J'\ i :
u oo - et T pos i 1
e sall !
P 7 P

29 B N S R R AR SRR P

i
!

{ o+ LN Onoms deg -}

Co 4T

Li -10
0

: i IR
.}/.‘1/.‘. . : lé 10

15

Vertical

l.8g 10 20 307 40 50 60 70 a0 80 100 110 120 130 T 140 150 180 170
B, dep

oo , S aaanyes ;
oo (/ . / = i
Z H \ i o LA T : -0
, 4 - [f ; \\ / L}/?’f :
¢ ARV ,, X :
! i : o
ANSEINEEN e : :
Cp 4 o
P N \ i . 1 [ SRS Onoms deB
- i\ O I I 100 -
4 . 1 O 0 L
. A 10
2] -t 15
! | :
1.0 K(\‘ ‘ ‘
! SIEN
. i i 1
1.2
/ TR R RS RN R R R AR B!
IR S RNV RN RS B R O NS DLl IR L
U e er ey TR L
Ll d i s w [ !

10 20 a0 40 50 60 70 80 92) 100 110 120 136777140 150 160 170
8, deg

(h) Rigid balloon without fence and with 24-inch tow cable. M = 2.50.

Figure 16.- Continued.



62

-.2 ! : . | I
y L e A , ‘
s A FARR B == AN :
1 o A i ~LT
dl - i fashs %
ro il Y j
o i
ARNPA i .
<0 i -4 \4\/ .
A i s i
i g o
A 0 1z v \‘\ ,}/"/ bl L
Lo P e 5 R R
BEEES 4 ¥ .
g 0
: F T ‘
7
» A1
4
Cp L . -
4 4 : B
i B A ; Tnome 900
1 -
o] -15
6 7 15 -10
< 0
A a 10
3 i3 v 15 4
7 i o
A i LT
1.0 i I i
; j
1. ; ‘ i
1.4 Vd L i : i
Yertical :
e 5d * ; L[] "
] 10 20 30 40 50 80 70 80 90 100 110 120 130 140 150 160 170
6, deg
B 00Vl Tt T T
T I Ei 1 T
i
; : "L N !
> ¢ T L] e . 3
] L =
10 -7 L - . i
i 4 ,l \4\/’
il ] i
0 + T v
i I .
VAT A e
; A . st
. R ] i
: v 7 re T
/] K yd 4 ‘
A /A ¥
>0 i1 +
4
Cp 'y 4 -
{ .
.2 K A .4 ;
4 7 /
A Lo de g [ [ noms 400
. Vi f / 4 e ‘ : [ -15
. ). ) ; R I -10
\\u_ J 7 ! ] O 0
IR S ; P ; I 10
i 0N k- 4 -] - e @ 15
4 i H A
1.0 ‘ N 7 | : : ; e
b N 5;_;,_/"" “+ “oteecbeot Horizontal ©ocope | N R EEE i
A s [ HE i 1 { I [ : e ) ; P i
t 0 10 20 30 40 50 60 70 80 kL) 100 110 120 130 140 150 160 170

9, deg

(1) Rigid balloon with fence and with 24-inch tow cable. M = 1.50.

Figure 16.- Continued.

788~1



1-88%4

Cp

Vertical

V‘XA'*“‘,*&»\‘;;;
el IENEDe eid
5 et ING L I
- ik e \\ pe. - ‘
° V 7 ! TN ; 7
e g R ‘,“,_‘;"xv’(r‘“\;\f ]:;., ..... 1,
‘ A : tA A oE S |
JESERNET” A T
-ps AT L ‘
TR 2. S o
A : AV
i SRyNEait 2RIV
A
o SEIR ‘/ ‘/: ;
. A : :
i aRNviRy.an SRR
, s ’
JiX :

(i T i P ‘ :
i L AT e a0
' P RRBhN
: Ll + —
: AT L T
) Re ‘ waAN8% SRR Ry "
P /
A L s
E INBREE A e St N
A T T e L FEng
g 74 / ; g ‘ ;
: ARV AREVaNy S ;
0 . t —
SN LA AT ; o
i PN ; SRR
ERyEsannan I
I /‘/ L b -
o . : Y, A4 L Snomr 988 | b
i NI T T ‘r 4 s i
[ H /';, : i &) -10 H
bepome LA X 1 > [T I
o - Py 1 . R S
i i -
N dhinm 17
1o | AL j AT B SSS TN B
ENNSDUEL TN S0 : ! Lo [
1.2k ; \\ ;// e B — :,,JI,
I ;/,. , AR | EHENE
1.4 ”/ *‘~ : l,} e
vl 4T S DERE R SN . IS
o || MHorizontal ; 1 R
o ! 2l ! AT I Lo
L ATTIo T 20 s i so 60 70 so s 10 T 116 120 130 W0 156 160 170

8, deg

(3) Rigid balloon with fence and with 2L-inch tow cable. M

Figure 16.- Continued.

63



64

.4 . — -
It T :
- e f
i 1 ]
. SRS
i .
0 4
S S o il
. i B < |
Ofps i ] o ‘I
. AT : [
: : i ;
Sl ; i i
& ~J +
: Nl :
i deed
W
I §
§ H
i
- L I
- , ‘ r
* Tnoms deg |58 Enin i ] 5—'
B I
.6l L 8] -10
i ) e . ° : 8
/ e i A 0 7]
/ 15 +
e -
1.0 -
i o B -
" Raavs :
IREP"Z ;
. —t -
1.4 i i ; : . [
. ] : .
. I .
bl bbb b b b ) Yertical AR BEEE :
: Y PO O N Y A N AL S U U O I SO G e PO DA B AN P
T P T e
10200 30 40 S0 0 70 80 90 100 1l 120 1306 140 7150 180 170
8, deg
4 -
o 1T I I T o
{ T I j I T ‘ P
Pl ; i ' [ e ; o .
i i i R . ] .
| ; )J/ . i -
0 ; . “ 4
! LA g . : :
S ;
> o - + 7 o - _
- ] ;
o . - - »/"P"““"‘/ i RS .|
. by / L4 .
. s 248 IR i i
] . L L i
i ) : /r»// LA i
w0 .
;i Y s A i il R |
| kYA ¥ o i o
[T S LA
S : il AR N
o ST /',’71’ ; [ ; ! T Snom, deg ’ T
NS i i u -10 [ +
Nl AL T T e e
N :om
a - v 15 j—— J«
VIS ' SR -
. L . - L N
TN , : N I
1.0 1 H 4 i . i I
| 1 SR 0% F U S
1.2 Uf -
YT ,
i N - i
1. B B p : e S . .
- : N St -t {Horizontal st - iy - B :
DRSO A R PO s SO [ R - A0 PR A A A N IR
T e ET T r i
P00 10 20 300 400 50 60 7@ 8O 90 106 110 120 130 140 150 160 170

6, deg

(x) Rigid balloon with fence and with 24-inch tow cable. M = 2.50.

Figure 16.- Continued.



1-884

Cp

Cp

. i | » .
AT TS Sy
s 1 H R \ /‘ A [
| .?;/(2)/ SRR v e e
o0 . -/‘/cr(/ T SRS -2
o T T 1N |
< 0 +
S D I e T i i
a0 e \/“)/' AR
& SARsSiges }/4;
’ A a8
2 / I '\w/;* i
\ / : B B AT AR S
0 P N R R S R ! T anoms 400 1
! : - K 1 o : . 15
6 1 7 ';/ ; o -10
7 Ll o 0
8 ) / g :g
o \ N : ‘ // i i
158 { |
‘ A NI B I I
AERBREE RN ! SR SN ESSU EE RO s 5
1"- 1 \ /) : : S Vertical | - o -
1.85 0 20 30 40 5077786 70 80 30 100 T 110 120 T30 140 1507 160 170

8, deg

T 0 o o e SIS S T

D°,:.,;.3‘.:‘./}/.)/

o

1)

NS Y L Ul e s
-t S . i RN A S N S A n -10
T TTNUA SRS I s S S S (6 I G

T NG SRS AR RN R EE RS N S S BN EE RS R RE AR

AT T T enom e

- A B N
I'GH \ . [ : . Harlzanta} ~

1.2 020 30 40~ 50”60 70 B0 30 100 1io 120 o 140
e, deg

(1) Rigid balloon with fence and asymmetric body.

Figure 16.- Continued.

M= 1.50.

65



66

o et ;
T T
; T TTA T
o ‘ .// 2
EEna Pz o
0 L - #
- T P S
: VAmERn)
v 0 , /:
Cp N & 2 < .
1 \ i L ; “r:cmv deg | ! '
T T - 15 ’
° \ IR : / ) i o 10
o o 0
i LA A 10
o TN T T g 15
B . [ !
Lo ‘ X, s A \ I
i i i [ A I I At A
1.2
. \\ . A e .
1.4 - b
‘ \ o E Ll
o N T T e T 1 l
RENDERSANZ GRS SRR EE e S
1.8 T s 3 W0 e 7 eg"’d 3000 110 S 40TTS0TTTES Ti70
. deg
* | ‘ , ‘ : T
! i i I, ! __t_.._.. T
2 i s
Sl P

} o Ry Erven ; ‘
BB SR iasaE A7 =4 3}
c o " W ! s .
" N T
v ORI A" VT i
I K AR AYY |
AN 7 -
M e ; i AR /‘ s gl . |
/ h / ' Onom« deg I. ,
SETTTTTT F AT T T e e
; i i o i}
. | \ ny I EEE Sl L e A 18 )
[ . f . S ' “'—7 . : Hor izontal | - | Y 15
Lotk e P L T

e, deg

(m) Rigid balloon with fence and asymmetric body.

Figure 16.- Continued.

0 10 20 30 40 50 80 70 80 90 100 110 120 130 140 150 160 170

M = 2.00.

78-T



TK

L-884

Cp .2

. : . {1 [
] . T . TR SO ! D DR O A 2 . L O U R SO SO Unoms Se@ | [ [
o ARy 4 A B R N A :

-10

10
15

‘/;2?7
R
1> o0
(=
I

S am ;
el L L S A L L]
\. R
\,

1.4 T
: . ,\\ PLA Vertical i : ' .
ESS R P b RS | . e I A P S S S A
T N B : ! . . o
Lo ’ N } - | | | N ‘ | l L ]
-56 20 3 40 50 60 70 80 30 160 110 120 130 140 150 180 170

™
LN,
1N

iy

ﬂ\

Cp o o ?
’ ' VoL
v 0 ‘ . W§ ; . ///; "‘ v : j
WA T
17

QoA LD D L LTl T anens aea Lo
‘7 {‘ / i H ! N ' ! ' ol ‘15

1 -10

M LS
v 15

' | Horizontal

T L D

50 60 70 80 90 100 110 120 130 140 150 180 170
8, dsg

.
[

(n) Rigid balloon with fence and asymmetric body. M = 2.50.

Figure 16.- Concluded.

67



68

|
] | i r
f
13 g : g |
]
.00
1 .99
‘ 7 .98
1 .97
punEs
1 .96
[ ] o L es
; L] .94
I 1 I
;
}.
T M
o] 1.50
N o o 2.00
Pt e & 2.50
AN
o] Theory
Sk M LI S Laminar
: J—— ——  Turbulent
TB
T; ™ }
N PR ‘ \
N N
N
D -
ol A L3 D
-
'520 10 20 “30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
8, deg

Figure 17.- Comparison of ratios of equilitrium temperature to stagna-
tion temperature with laminar and turbulent flow theory around the
clean rigid balloon. apom = O°.

#9g~1



69

o0 = WOUn  -spBOTABd SNOTIBA pUE

‘103BN3108 ‘50U8J UYJTM UOCOTTBY PIJTJI SY3 punote sjusmaIns®aWw aanjeradwal JO s3TNS9IY =gl aand1g

"1038BN108 QOUT-OT (®B)

bap ‘g

06 08

c6’

7881

Apoq a1 JjewwAsy

v

Apoq 91 J3suwis O
¥s10 O

I1ed O

peoTAed



70

0Lt

091

05t

0¥t

1-884

*pspniouc) --gt whzmﬂh

*1038N30® YdUT-HZ (Q)

bap ‘6
1 06 08

SUOT 341134 ¥aoys
sajouap ToqwAs pafifery
Apoq 91 J3}awwAsy
Apog alJjeuwwAs
istg
11e9

peoTAed

onaodaq

00°



1-884

Tl

¢ oc

; : : il e i ' il o el [ b
'880 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

8, deg

(a) Rigid balloon without fence and with 8-inch tow cable.

Figure 19.- Results of temperature measurements around the rigid balloon
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Figure 19.- Continued.
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Figure 19.- Continued.
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Figure 19.- Continued.
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